Objectives-The purpose of this study was to compare a new technique that measures the midventricular basal-apical longitudinal diastolic and systolic lengths, computes the longitudinal displacement fractional shortening, and compares it to global strain.
Results-The longitudinal displacement fractional shortening for the RV (mean 6 SD, 22.94% 6 4.73%) and LV (21.05% 6 4.21%) was independent of gestational age and other biometric growth parameters, as was global strain (RV, -22.7% 6 4.07%); LV, -22.93% 6 3.52%). The RV longitudinal displacement fractional shortening was greater than that of the LV (P < .024). The correlations between the longitudinal displacement fractional shortening and global strain were 0.95 for the RV and 0.97 for the LV. Comparing the longitudinal displacement fractional shortening and global strain in fetuses with abnormal cardiac findings showed concordant findings in 9 of 10 fetuses.
Conclusions-The RV and LV longitudinal displacement fractional shortening can be computed from 2-dimensional images of the 4-chamber view and correlated with global strain. The longitudinal displacement fractional shortening was significantly greater for the RV than the LV and was abnormal in fetuses with RV and LV cardiac abnormalities.
Key Words-annular displacement; congenital heart disease; fetal echocardiography; speckle tracking E valuation of cardiac function from the 4-chamber view of the fetal heart can be accomplished by using 2-dimesional (2D), Mmode, and pulsed Doppler ultrasound (US). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Unlike Mmode and pulsed Doppler imaging, speckle tracking of the endocardium of the ventricular chambers is independent of the orientation of the 4-chamber view to the US beam for optimization of measurements. 14 Once the diastolic and systolic movements of the endocardium are Supplemental material online at jultrasoundmed.org measured by speckle tracking, an assessment of ventricular function can be accomplished. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Changes in ventricular function involve the interaction of multiple longitudinal, tangential, transverse, and rotational movements of muscles acting synergistically with each other. [34] [35] [36] [37] [38] Of the several measurements available to examine ventricular function, one approach examines the longitudinal displacement of the basal septal and lateral ventricular walls toward the apex during systole. This approach has been accomplished with M-mode, pulsed Doppler, and speckletracking technologies. 15, 26, [39] [40] [41] [42] [43] [44] [45] [46] However, to our knowledge, no prior study has evaluated longitudinal displacement by combining the basal movement of the septal and lateral ventricular walls as they move toward the apex. Therefore, the purpose of this study was to evaluate a new technique that computes the midventricular basal-apical longitudinal displacement fractional shortening using an offline analysis from images analyzed with speckle-tracking software and comparing the results to global strain measurements obtained in a similar manner (Figures 1 and 2 ).
Materials and Methods

Control Population
Two hundred control fetuses with accurate first-or second-trimester dating US examinations were examined between 20 and 40 weeks' gestation. The fetuses were not at risk for congenital heart defects or growth restriction and were free of US-detected malformations and growth disturbances at the time of the examination. 47 All measurements were performed by a single examiner (G.R.D.) in an outpatient facility offering second-and third-trimester screening US examinations for patients referred by obstetricians.
Fetuses With Cardiac Abnormalities
Ten fetuses were identified from our database who had abnormalities of the right ventricle (RV) and left ventricle (LV). The malformations were as follows: aortic stenosis, critical aortic stenosis, coarctation of the aorta, Shone syndrome, hypoplastic LV, Ebstein malformation, dysplastic tricuspid valve, pulmonary stenosis, RV cardiomyopathy, and RV pericardial effusion. All abnormalities were confirmed postnatally.
All patients signed a consent form allowing the use of images obtained during their examinations for study purposes. The University of California at Los Angeles Institutional Review Board approved the study protocol.
Ultrasound Image Acquisition and Orientation Two-dimensional images of the 4-chamber view were obtained with either an RM6C or EM6C transducer and a Voluson E10 system (GE Healthcare, Milwaukee, WI). Images were optimized to enhance the borders between the blood pool and endocardium. Threesecond cine clips of the 4-chamber view were stored as Digital Imaging and Communications in Medicine files and exported to an offline cloud database. The Digital Imaging and Communications in Medicine image frame rate was equivalent to the frame rate acquisition at the time of the examination.
Evaluation of the 4-Chamber View Using Offline Speckle-Tracking Software Once 2-dimensional images of the 4-chamber view were obtained and stored in the Digital Imaging and Communications in Medicine format, they were imported into an offline cardiac software program for analysis (2D Cardiac Performance 1.2, or 2D CPA) developed by TomTec Imaging Systems GmbH (Munich, Germany) using criteria that have been previously described.
14 The endocardial border for each ventricle was traced from the junction of the lateral wall annulus to the apex and from the apex to the base at the junction of the septal wall annulus. After the tracing, an automated analysis detected the endocardial borders during diastole and systole. 14 Once the analysis for each ventricle was completed, the raw data were exported to an ASCII text file. The text file was imported into an Excel spreadsheet (Microsoft Corporation, Redmond, WA) that had been programed to convert the X and Y pixel coordinates of the end-systolic and end-diastolic locations for the first (lateral wall) and 48th (septal wall) segments for each ventricle as previously described ( Figure 1C) . 15 The pixel length from the end-diastolic and end-systolic apex of each ventricle to the end-diastolic and end-systolic position of the midpoint of the lateral (segment 1) and septal (segment 48) segments was computed and converted to millimeters (Figure 1 ). 15 The longitudinal displacement fractional shortening was computed by the following formula ( Figure 1C ): longitudinal displacement fractional shortening 5 ½ðend-diastolic length 2 end-systolic lengthÞ= end-diastolic length3100: (1) Using speckle tracking, the global strain was computed using the following equations ( Figure 2 ): global strain 5 ½ðend-systolic endocardial length 2 end-diastolic endocardial lengthÞ= end-diastolic endocardial length3100:
Statistical Analysis
The longitudinal displacement fractional shortening and global strain were regressed against independent somatic growth and age variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, US-derived mean gestational age, and clinical gestational age) by using a curve-fitting program that evaluates 44 fractional polynomial equations (NCSS 11; NCSS, Kaysville, UT). 48 The Descriptive Statistics module was used from NCSS 11 to compute the mean, standard deviation, and centiles that were not correlated with the independent variables. The longitudinal displacement fractional shortening and global strain were compared between the RV and LV using a withinsubject repeated measure of variance (NCSS 11). A correlation analysis was used to evaluate the relationships between longitudinal displacement fractional shortening and global strain (NCSS 11). With TomTec software, the intraobserver variability was computed by the Lin concordance correlation coefficient (NCSS 11) from 30 ventricular measurements. The j coefficient to test for interobserver variability was computed for 3 examiners using 30 images containing the endocardial tracings using the same TomTec software from which the analysis was done.
We compared the results from 200 control fetuses to results from previously published studies in which the mean from each study was analyzed by the technique described by Salomon et al 49 as follows:
Zscore 5 ½measured value ðmean from published studyÞ -predicted mean value ðcurrent study controlfetusesÞ = predicted standard deviation ðcurrent study control fetusesÞ:
DZ scores, equivalent to the standard deviation, that fell outside 61 were considered significantly different from our study.
Results
The intraobserver Lin concordance correlation coefficients for the RV and LV longitudinal displacement fractional shortening were 0.93 and 0.94, respectfully. The interobserver j coefficient was 0.97. The ethnicity of the control patient population consisted of Asian (6%), white (66%), African-American (6%), and Hispanic (22%) patients. The mean maternal age 6 SD was 32 6 6 years.
Control Fetuses Left and Right Ventricular Longitudinal Displacement Fractional Shortening
The fractional polynomial regression analysis showed R 2 values for longitudinal displacement fractional shortening to be between 0.04 and 0.06 for the LV and 0.02 to 0.03 for the RV for all of the independent variables (biparietal diameter, head circumference, abdominal circumference, femur length, estimate fetal weight, USderived gestational age, and clinical gestational age). As a result, the mean, standard deviation, and standard error were computed, irrespective of somatic size or gestational age (Table 1) . Comparing the LV and RV longitudinal displacement fractional shortening showed that the RV was significantly greater than the LV (P 5 .024; Table 1 ). The centiles (1st-99th) for the LV and RV are listed in Table 2 .
Left and Right Ventricular Global Strain
The fractional polynomial regression analysis showed R 2 values for global strain to be between 0.04 and 0.06 for the LV and 0.03 to 0.04 for the RV for all of the independent variables (biparietal diameter, head circumference, abdominal circumference, femur length, estimate fetal weight, US-derived gestational age, and clinical gestational age). As a result, the mean, standard deviation, and standard error were computed, irrespective of somatic size or gestational age (Table 1) . Comparing the LV and RV global strain showed no significant difference between the two chambers ( Table 1 ). The centiles (1st-99th) for the LV and RV are listed in Table 3 . Tables 4 and 5 list previous studies in which the global strain was reported for the LV and RV, which include the year of the study, the number of control fetuses examined, the gestational age range, the software program used to compute global strain, the mean and standard deviation, and the DZ score. For the LV, 4 studies fell within 1 SD; 6 studies were between 1 and 2 SDs; and 4 studies were 2 SDs or greater from our mean. Except for the study by Enzensberger, the studies that had values within 1 SD of our data had a greater number of control fetuses (>78). Of the studies that involved the global strain of the RV, 6 had DZ score values within 1 SD; 5 had values between 1 and 2 SDs; and 1 had a value of greater than 2 SDs from our mean.
Comparing the Global Strain From This Study to Previously Published Studies
Correlation of LV and RV Longitudinal Displacement Fractional Shortening and Global Strain
The RV (R 5 -0.95) and LV (R 5 -0.97) longitudinal displacement fractional shortening was highly correlated with the RV and LV global strain (Table 6 and Figure 3 ).
Fetuses With Cardiovascular Abnormalities
Study Fetuses With Cardiovascular Abnormalities of the RV Table 7 lists the results of the LV and RV longitudinal displacement fractional shortening and global strain in fetuses with RV cardiac abnormalities. The longitudinal displacement fractional shortening was concordant with the global strain for the RV and LV in all fetuses with abnormalities involving the RV. Figure 4 illustrates the RV and LV computer output for the longitudinal displacement fractional shortening for each of the 5 fetuses with right-side cardiac abnormalities. Tethering, or movement of the apex at end systole from its location at end diastole, was present in fetuses with a dysplastic tricuspid valve, RV cardiomyopathy, and a pericardial effusion. Table 8 lists the results of the LV and RV longitudinal displacement fractional shortening and global strain in fetuses with LV cardiac abnormalities. The longitudinal displacement fractional shortening was concordant with global strain for the RV and LV in 4 of the 5 fetuses with abnormalities involving the LV. In the fetus with Shone syndrome, the LV longitudinal displacement fractional shortening centile was 13%, whereas the global strain centile was 91.8%. Figure 5 illustrates the RV and LV computer output for the longitudinal displacement fractional shortening for each of the 5 fetuses with left-sided cardiac abnormalities. Tethering was present in fetuses with aortic stenosis, coarctation of the aorta, critical aortic stenosis, and a hypoplastic LV. The fetus with Shone syndrome did not have tethering. 
Fetuses With Cardiovascular Abnormalities of the LV
Discussion
Decreased annular displacement of the lateral walls of the RV and LVs has been suggested to be an indicator of cardiac dysfunction, which is unaffected by the ventricular preload and correlated with the ejection fraction in studies of children and adults. 12, [50] [51] [52] [53] [54] Previous studies of longitudinal displacement have focused primarily on evaluations of the lateral wall annulus using M-mode US. 26, 41, 44, 45, 55 Although this approach provides important information regarding the contribution of the lateral and septal walls to ventricular contractility, it does not globally evaluate basal annular displacement. In addition, evaluation of lateral and septal wall annular displacement requires the development of regression equations in which the displacement, reported in millimeters, is compared to independent variables, since the displacement increases with somatic growth of the fetus as well as increasing gestational age.
The benefit of this approach is that we have combined the basal displacement of the lateral and septal walls into a single measurement to provide a global assessment of longitudinal displacement during ventricular systole. In addition, by correcting for apical movement, tethering at the apex during ventricular systole is accounted for. When annular movement is recorded by M-mode imaging, tethering of the ventricular apex is not measured and may result in erroneously increased annular movement measurements. Our results found that the RV longitudinal displacement fractional shortening was significantly greater than that of the LV. The observation of RV dominance may be the result of the orientation of the muscle fibers between the two lateral walls and the interventricular septum. [34] [35] [36] [37] [38] Since our concept suggests a "global" measurement for longitudinal annular displacement, we measured the global strain in the same cohort of fetuses. The global strain is a measurement of the difference in the length of the endocardium from the base of the lateral wall to the apex and from the apex to the base of the septal wall at end diastole and end systole. Once speckle tracking measured these lengths, the global strain was computed by using Equation 2. Unlike the longitudinal displacement fractional shortening equation, in which the systolic length is subtracted from the diastolic length, giving a positive number, global strain subtracts the diastolic length from the systolic length, resulting in a negative number. In addition, when computing the Z score using the global strain equation, values above the 90th centile are considered abnormal, whereas for the longitudinal displacement fractional shortening, values below the 10th centile are considered abnormal. In addition, as the global strain value decreases (ie, -40 to -10) toward 0, the contractility of the ventricular chamber is poorer. Our findings demonstrated that global strain was not related to changes in fetal biometric characteristics or gestational age and were consistent with previous studies.
Examinations of 10 fetuses with cardiac abnormalities showed concordance between the longitudinal displacement fractional shortening and global strain in all but 1 fetus (Tables 7 and 8 ). The exception was a fetus with Shone syndrome in whom the longitudinal displacement fractional shortening was at 13%, just above the 10% we set as a threshold for an abnormal value, whereas the global strain was at 91.8%, just above the threshold of 90% we set as a threshold for an abnormal value. Of the fetuses with RV abnormalities, tethering of the apex of the RV occurred in 60% (Figure 4 ). Above the 90th centile for global strain.
DeVore et al-Longitudinal Annular Systolic Displacement
Tethering of the apex of the LV only occurred in 20% (Figure 4 ). In this group, all fetuses with structural abnormalities (80%) had abnormal longitudinal displacement fractional shortening of the RV, whereas the fetus with a pericardial effusion had a normal value. Only 2 fetuses with structural malformations of the RV had abnormal longitudinal displacement fractional shortening of the corresponding LV. These fetuses had abnormal anatomy of the tricuspid valve. Of the fetuses with LV abnormalities, tethering of the apex occurred in 80% ( Figure 5 ). Tethering of the apex of the RV occurred in 40% of fetuses ( Figure 5 ). In this group, fetuses with structural abnormalities (60%) had abnormal longitudinal displacement fractional shortening of the LV. The fetus with coarctation of the aorta had abnormal longitudinal displacement fractional shortening of the corresponding RV. We believe that this study provides a new parameter to measure global longitudinal displacement that is highly correlated with global strain. Although measurement of the longitudinal displacement fractional shortening was accomplished by using offline speckle-tracking software, this computation can be derived from measurements at the time of the US examination by using the technique illustrated in Figure 1 , A and B. The examiner would simply identify the end-diastolic and end-systolic frames, place a reference line between the septal and lateral wall annuli, and then measure the distance from the apex to the middle of the reference line ( Figure 1, A and  B) . The online Supplement is an Excel calculator for computing the longitudinal displacement fractional shortening, Z score, and centile when entering the enddiastolic and end-systolic measurements from the RV and LV. The advantage of this approach is that it is less cumbersome than measuring the length of the endocardium at end diastole and end systole (Figure 2 ) for computing the global strain. In addition, the ease of measurement enables a timely assessment of ventricular function without having to do offline computations. We acknowledge that further studies of fetuses with congenital heart defects as well as other fetal disease states will be required to see how this new measurement can be applied in the clinical environment.
